Abstract. Radiation therapy is a conventional strategy for treating advanced lung cancer yet is accompanied by serious side-effects. Its combination with other strategies, such as antiangiogenesis and gene therapy, has shown excellent prospects. As one of the potent endogenous vascular inhibitors, endostatin has been widely used in the antiangiogenic gene therapy of tumors. In the present study, LL/2 cells were infected with a recombinant adenovirus encoding endostatin (Ad-endostatin) to express endostatin. The results showed that LL/2 cells infected with the Ad-endostatin efficiently and longlastingly expressed endostatin. In order to further explore the role of Ad-endostatin combined with irradiation in the treatment of cancer, a murine lung cancer model was established and treated with Ad-endostatin combined with low-dose irradiation. The results showed that the combination treatment markedly inhibited tumor growth and metastasis, and prolonged the survival time of the tumor-bearing mice. Furthermore, this significant antitumor activity was associated with lower levels of microvessel density and anoxia factors in the Ad-Endo combined with irradiation group, and with an increased apoptotic index of tumor cells. In addition, no serious side-effects were noted in the combination group. Based on our findings, Ad-endostatin combined with low-dose irradiation may be a rational alternative treatment for lung cancer and other solid tumors.
Introduction
Lung cancer is a malignancy with high incidence and mortality rates. Woldwide, 13% of patients with tumors are diagnosed with lung cancer, and the mortality due to lung cancer accounts for 18% of all cancer-related deaths (1, 2) . Conventional strategies for treating advanced lung cancer include surgery, chemotherapy and radiotherapy. However, most patients do not have the opportunity to undergo surgical resection when they are diagnosed with lung cancer, and the common therapeutic strategy is radiation therapy. While radiotherapy has shown commendable antitumor activity, serious side-effects always accompany treatment. These include radiation-induced lung injury and radioactive tracheal injury, resulting in the discontinuation of antitumor treatment limiting its application (3) (4) (5) (6) . Clearly, new therapeutic strategies are imminently needed to optimize available regimens.
Angiogenesis plays an important role in a large variety of physiological and pathological conditions, such as embryonic development, wound healing and diabetic retinopathy (7, 8) . Evidence indicates that most malignant solid tumor growth and metastases are partly dependent on angiogenesis (9) (10) (11) . Accordingly, antiangiogenesis is an effective strategy of antitumor treatment by preventing new vessel formation in tumors and destroying the abnormal microvascular system which provides oxygen and nutrients to the tumor tissue.
Endostatin, originally purified from the culture supernatant of murine hemangioendothelioma (EOMA) cells, is a type of endogenous angiogenesis inhibitor, which locates in the basement membrane of blood vessels (12) . Amino acid sequence analysis shows that endostatin is a 20-kDa C-terminal fragment of collagen XVIII which belongs to the multiplexin family (13, 14) . Extensive basic and preclinical research reveals that endostatin not only inhibits the proliferation and migration of endothelial cells, but also induces the apoptosis of vascular endothelial cells, thereby suppressing angiogenesis (15) (16) (17) . Further studies have demonstrated that endostatin also inhibits the growth and metastasis of many types of solid tumors. Therefore, endostatin targeting angiogenesis has been increasingly used in preclinical and clinical research (12, 18, 19) . Most therapeutic strategies of endostatin have utilized the purified protein (20, 21) . However, as a protein drug, endostatin has a short half-life in vivo, and thus needs continuous administration or increased concentrations to maintain effective serum levels. Moreover, the process of protein purification may denature endostatin, which reduces the resultant yield rates. These problems seriously hamper the clinical application of endostatin (2, 22) . One possible strategy to overcome these issues is the utilization of gene therapy, and adenoviral vectors are widely utilized for gene therapy and show no disadvantages of purified protein injection (2, (23) (24) (25) .
Although tumor treatment with endostatin has shown various effects, the inhibitory effect of endostatin is limited since numerous factors are secreted by endothelial cells to promote angiogenesis, while endostatin inhibits just one of these angiogenic factors (3) . In addition, the endothelium can acquire resistance to angiogenesis inhibitors through epigenetic changes as recently demonstrated (26) . Thus, the combination of endostatin with other treatment strategies (such as radiotherapy) may improve the antitumor effect of endostatin.
In the present study, we established an LL/2 cell subcutaneous tumor model and a lung metastasis model, and evaluated the efficacy of the combined treatment of recombinant endostatin adenovirus (Ad-Endo) with low-dose irradiation. The present study revealed that this strategy enhances the antitumor effect without serious side-effects, and provides a rational alternative treatment for lung cancer and other solid tumors.
Materials and methods
Cell culture and Ad-Endo preparation. Lewis lung carcinoma (LL/2) and human embryonic kidney (HEK293) cell lines were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). They were cultured in Dulbecco's modified Eagle's medium (DMEM) which included 10% fetal bovine serum (FBS) plus amikacin and streptomycin routinely. The viral particles which were amplified in HEK293 cells were purified by CsCl gradient ultracentrifugation and measured by absorption (at A260). The viral titer was quantified with the standard 50% tissue culture infectious dose (TCID50) assay.
Determination of the multiplicity of infection (MOI)
. LL/2 cells were infected with Ad-GFP at multiple MOIs [5, 10, 50 , 100 and 200, the plaque-forming units (pfu)/cells in 1.0 ml complete medium) or involved no infection. After culturing at 37˚C for 48 h, the cells containing GFP were observed by fluorescence microscopy and then subjected to flow cytometry and analyzed using CellQuest software.
Detection of endostatin expression by western blot analysis.
LL/2 cells were infected with Ad-Endo and Ad-null at an MOI of 100 or not infected. Cells were conditioned at 37˚C for 48 h, and the supernatant was collected and concentrated by ultrafiltration (Millipore, Darmstadt, Germany). The retentate was mixed with 5X SDS sample buffer and separated on a 12% SDS-PAGE gel and then transferred onto a polyvinylidene difluoride (PVDF) membrane. After the membrane was blocked by TBST containing 5% defatted milk for 2 h, it was probed with goat anti-human endostatin polyclonal antibody (1:1,000; R&D Systems) overnight at 4˚C, followed by horseradish peroxidase-conjugated anti-goat immunoglobulin (1:5,000; ZSGB-BIO, Beijing, China) for 2 h at 37˚C. Three washes (15 min per wash) were carried out after each incubation step. The protein bands were detected by an enhanced chemiluminescence detection system (Pierce, Rockford, IL, USA). 6 LL/2 cells in 100 µl phosphate-buffered saline (PBS) in the right flank. Seven days later, the tumors were palpable on each mouse, and the mice were then randomly divided into 6 groups (10 mice/group). i) Ad-Endo group received an i.v. injection of 1x10 8 pfu/100 µl recombinant adenovirus. ii) RT group received irradiation performed with the radiation treatment system Elekta Compact™ (Elekta AB, Stockholm, Sweden) at a dose of 2 Gy and locally operated on the tumors by shielding the rest of the body. iii) Ad-Endo plus RT group received Ad-Endo administration i.v. and 2 Gy dose of irradiation confined to the tumors. iv) Ad-null group received an i.v. injection of 1x10 8 pfu/100 µl control adenovirus. v) Ad-null plus RT group received Ad-null administration i.v. and 2 Gy dose of irradiation confined to tumors. vi) NS group received an i.v. administration of 100 µl of PBS at the same schedule as the other groups. When the groups were completed, treatment was initiated at this time (day 0). The viral particles were administered once every three days from day 0, and the irradiation was delivered each day from day 2 to 6 and day 9 to 13.
Determination
Tumor growth was monitored by measuring tumor width (W) and length (L) every three days. The tumor volume (V) was calculated using the fomula: V = 0.52 x L x W 2 . The body weight of mice was monitored every three days until day 22 after treatment. On day 22, the mice were sacrificed, and the major organs were obtained for histologic analysis. All experiments involving mice were guided by the Animal Care and Use Committee of our institute.
To assay the survival time, 60 mice were challenged with LL/2 cells as above. When the tumors were palpable, the mice were grouped and treated as above. The time of death of each mouse was recorded.
Assessment of tumor vascularization and anoxia factors.
To analyze the mechanism of the enhanced antitumor effect of Ad-Endo combined with irradiation, the tumor microvessel density (MVD) and the level of anoxia factors was detected by immunohistochemistry of CD31 and HIF-1α.
The quantification of MVD was carried out as previously described (27) . Briefly, when the mice were sacrificed, the tumors were obtained and fixed with formalin. Then the paraffin-embedded sections of the tumors were probed with a monoclonal rat anti-mouse CD31 antibody (1:400; Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by a biotinylated polyclonal rabbit anti-rat IgG antibody (1:200; Vector Laboratories, Burlingame, CA, USA). The positive reaction was detected using the DAB substrate kit (Vector Laboratories), and the sections were counterstained with hematoxylin. Finally, the microvessels were calculated with an Olympus microscope at a x200 magnification.
The levels of anoxia factors in the tumors were detected as followed. First, the tumors were obtained and fixed with formalin. Then the paraffin-embedded sections were probed with a monoclonal rabbit anti-mouse HIF-1α antibody (1:200, Abcam, Cambridge, MA, USA), followed by a biotinylated goat anti-rabbit IgG antibody (1:200; Vector Laboratories). A positive reaction was detected using the DAB substrate kit, and sections were counterstained with hematoxylin. Finally, the sections were mounted with glass coverslips, and images were captured with an Olympus microscope at a x200 magnification.
Detection of apoptosis.
The apoptotic cells in the tumor tissues were detected using the terminal deoxynucleotidyl transferasemediated nick end labeling assay (TUNEL) (In Situ Cell Death Detection kit; Roche, Basel, Switzerland), according to the manufacturer's guidelines. Images were obtained by an Olympus fluorescence microscope at a x200 magnification. The apoptotic cells were counted in 5 high power fields in each slide. The percentage of apoptotic cells among the total number of tumor cells was calculated as the apoptotic index.
Alginate encapsulation assay. The alginate encapsulation assay was performed as previously described (28) . Briefly, LL/C cells were resuspended with 1.5% sodium alginate (m/v; Sigma-Aldrich), and then the suspension was added into a oscillation pool containing 250 mM CaCl 2 to form alginate beads. Each bead contained 1x10 5 LL/2 cells, and each mouse was implanted s.c. with four beads on the back. The mice were treated with Ad-Endo or/and irradiation as above, and with Ad-null or saline as control. On day 15, the mice were administered i.v. 100 µl of FITC-dextran solution (100 mg/ kg; Sigma Chemicals) and sacrificed 20 min later. Images of the alginate beads were captured using a SPOT Flex camera. The beads were then removed and were transferred into tubes containing 2 ml of physiological saline. After being pounded, the beads were rested for 1 h and centrifuged for 5 min at 1,000 x g. The supernatant was collected and the fluorescence was determined to assess blood vessel formation.
The LL/2 cell pulmonary metastasis tumor model and the in vivo antitumor effect of Ad-Endo combined with radiotherapy. The 6-to 8-week-old female C57BL/6 mice were injected with 3x10 5 LL/2 cells in 100 µl PBS by tail vein. Three days later, the mice were randomly divided into 6 groups identical to those described above. On the same day, the mice were treated with viral particles or/and irradiation as above.
On day 25, the mice were sacrificed, and the lungs were obtained. The weight and metastatic nodules of the lungs were determined. The lungs were then fixed with formalin for histological analysis.
Observation of toxicity. Drug toxicity indices, such as weight loss, ruffled fur, diarrhea, anorexia, skin ulcerations and behavior change, were closely observed during the entire couse of treatment. In addition, the major organs (heart, liver, spleen, lung and kindey) were fixed in 4% paraformaldehyde, and embedded in paraffin to obtain sections. The sections were stained with hematoxylin and eosin (H&E) and observed using the double-blind method.
Statistical analysis. SPSS 17.0 was used for statistical analysis. For comparison of individual time-points, differences between groups were tested by performing analysis of variance (ANOVA) and the unpaired Student's t-test. A diference was regarded as significant at P<0.05.
Results
Determination of the MOI. LL/2 cells were infected with multiple MOIs (5, 10, 50, 100 and 200) of Ad-GFP. Forty-eight hours later, the level of GFP in cells was detected with fluorescence microscopy. As shown in Fig. 1A , with the increase in MOI, the proportion of LL/2 cells expressing GFP was increased from 3.1 to 98%. Although there were no differences in proportion between MOI 100 and MOI 200, the cells which were infected with MOI 200 were seriously damaged. Similar results were obtained through flow cytometry (Fig. 1B) . These results indicated that Ad-GFP could effectively infect LL/2 cells, in a concentration-dependent manner. Based on this, we selected MOI 100 to continue the following studies.
Expression of recombinant human endostatin in vitro and in vivo. LL/2 cells were infected with Ad-Endo or Ad-null at MOI 100. Forty-eight hours later, the culture supernatants were collected and concentrated to detect the expression of endostatin using western blot analysis. As shown in Fig. 2A , a distinct band ~20 kDa, similar to the volume of endostatin, was visualized in the supernatants of the Ad-Endo-infected cells, but not in that of the control cells.
To further analyze the level and duration of endostatin, we detected the level of endostatin in the culture supernatants of LL/2 cells, which were separately infected with Ad-Endo or Ad-null for 24, 48 and 72 h using ELISA. The results showed that after 24 h, in the LL/2 cells infected with Ad-Endo, endostatin was detected in the supernatants and the level reached 420±30 ng/ml (Fig. 2B) . The level peaked (560±40 ng/ml) after 48 h and decreased slightly after 72 h (490±25 ng/ml). However, we could not detect the expression of endostatin in the cells which were infected with Ad-null or in cells not infected. Similar results also were detected in vivo (Fig. 2C ). These observations indicated that LL/2 cells infected with Ad-Endo stably and persistently expressed secretory endostatin.
Combination treatment significantly reduces tumor growth and prolonges the life-span in the LL/2 cell subcutaneous tumor model. To assay the antitumor effect of Ad-Endo combined with low-dose irradiation, the LL/2 cell subcutaneous tumor model was established, and the mice were randomly divided into 6 groups after 7 days. The mice were then treated as described in Materials and methods, and the tumor growth was monitored every 3 days. As shown in Fig. 3A , the tumors in the Ad-Endo + RT group were much smaller than tumors in the other groups. Similar to the results in Fig. 3A , the tumor growth rate in the RT group and Ad-Endo group was relatively slower than that in the NS and Ad-null groups (P<0.05). Compared with the RT, Ad-Endo and Ad-null + RT groups, the combination Ad-Endo + RT group exhibited a more marked inhibition of tumor growth, and the difference was noted from day 16 after treatment. Dramatically, from day 4 after treatment, the tumor growth rate in the combination group showed significant differences when compared with the NS and Ad-null groups. The inhibitory effect was determined by the weight reduction. At the end of the present study, the tumors were removed and measured (data not shown). Compared with the NS group, the tumor weight in the Ad-Endo + RT group was reduced 79%, which was higher than that in the other groups (58.4% in RT group, 52% in Ad-Endo group, and 61.7% in Ad-null + RT group). Furthermore, the combination group significantly showed a longer life-span than that of the other groups (Fig. 3C) . These results revealed that Ad-Endo + RT improved the antitumor effect of radiotherapy and that of Ad-Endo alone, which reflects the synergism between radiotherapy and Ad-Endo.
Inhibition of tumor-induced angiogenesis and increase in apoptosis in vivo.
To evaluate the mechanism of the enhanced antitumor effect of Ad-Endo combined with irradiation, the tumor sections were stained with the anti-CD31 antibody. As shown in Fig. 4A , tumors of the control groups (including NS group, Ad-null group, RT group, Ad-Endo group and Ad-null + RT group) exhibited larger microvessel counts than those of the Ad-Endo + RT group. The MVD in the Ad-Endo + RT group was 12.6±3.2%, while the MVD was 49.4±8.2% in the Ad-Endo group, 74.3±4.6% in the Ad-null + RT group, 76.5±6.1% in the RT group, 88.9±6.4% in the Ad-null group and 90.2±3.7% in the NS group, respectively (Fig. 4B) . In order to estimate the apoptosis in tumor tissues, the tumor sections were stained with TUNEL reagent, and the positive results were confirmed as described in Materials and methods. Compared with the control groups, the number of apoptotic cells was increased in the Ad-Endo group, RT group and Ad-null + RT group. Furthermore, more obvious apoptosis was noted in the tumor sections of the Ad-Endo + RT group (Fig. 5A) . In regards to the apoptotic index, the Ad-Endo + RT group showed the highest index among all of the groups (Fig. 5B) . This suggests that Ad-Endo combined with irradiation obviously inhibited the angiogenesis in tumors, which promoted increased apoptosis.
Detection of anoxia factors with immunohistochemistry of HIF-1α.
Tumor growth can induce anoxia in tissues, which increases the expression of HIF-1α. To assay the influence of Ad-Endo combined with irradiation on the level of anoxia factors, immunohistochemistry of HIF-1α was applied. As shown in Fig. 6A and B, compared with the control groups, a decrease in expression of HIF-1α was noted in the Ad-Endo, RT and Ad-null + RT groups. However, the combined Ad-Endo + RT group displayed the lowest level among all the groups, which was far less than those in the radiotherapy groups and the Ad-Endo group.
Inhibition of angiogenesis in the alginate encapsulation assay.
Alginates can provide the desired marix for tumor angiogenesis and growth without affecting the release and delivery of cytokines and drugs. Thus, we evaluated the effect of Ad-Endo combined with irradiation on angiogenesis in vivo using the alginate encapsulation assay. As shown in Fig. 7A , there was less micrangium on the surface of beads in the Ad-Endo + RT group than that in the other groups. The FITC-dextran uptake was nearly 83% less in the Ad-Endo + RT group than that in the NS group or Ad-null group and 67-76% less than that in the other groups (Fig. 7B) .
Combination treatment significantly inhibits tumor metastasis in the LL/2 cell pulmonary metastasis tumor model.
Angiogenesis is not only relevant to tumor growth, but also promotes tumor metastasis. Thus, the LL/2 cell pulmonary metastasis tumor model was established and treatment with Ad-Endo combined with low-dose of irradiation was carried out. The lung weight of all mice is presented in Fig. 8A . The lung weight was 0.91±0.36 g in the NS group and 0.82±0.43 g in the Ad-null group; these weights were heavier than those in the RT group (0.47±0.17 g), Ad-Endo group (0.54±0.22 g) and Ad-null + RT group (0.42±0.21 g). Compared with the other groups, the Ad-Endo + RT group had the lowest lung weight (0.2±0.06 g). Moreover, the number of pulmonary metastatic nodules was counted, and the results are shown in Fig. 8B and Table I . The number of nodules in the NS and Ad-null groups was 180 and 165, respectively, for which metastatic nodules >3 mm occupied 30 and 28%. A smaller number of nodules was noted in the RT group (92), Ad-Endo group (110) and Ad-null + RT group (86), in which nodules >3 mm accounted for 15, 20 and 18%, respectively. Notably, the number of nodules in the Ad-Endo + RT group was 10 and only 1.3% of nodules were >3 mm, which indicates that Ad-Endo combined with low-dose irradiation effectively inhibited the pulmonary metastasis of LL/2 cell tumors.
Observation of toxicity. In order to evaluate the potential sideeffects of the treatment, the toxicity assessment was executed in both models. There were no obvious differences in the gross measures among all the groups (data not shown). Moreover, no serious pathological changes in main organs were noted in the subcutaneous tumor model (Fig. 9) and pulmonary metastasis tumor model (data not shown).
Discussion
Angiogenesis plays an important role in tumor growth and metastasis (10, 29, 30) . In 1945, Algire et al (31) proposed that 'the growth of tumor transplants is dependent on the development of a vascular system'. Subsequently, Folkman et al (32) found that tumor tissue could not exceed a size of 2-3 mm without the recruitment of new blood vessels, which supply nutrients and gases to tumors. Therefore, the authors hypothesized that the development of a vascular system was critical to the growth of tumors and suggested that antiangiogenesis may be an effective strategy for cancer therapy Angiogenesis is a complex process which includes the proliferation and migration of vascular endothelial cells, formation of new capillaries and extracelluar matrix turnover (33) (34) (35) . Several studies have shown that a host of cytokines regulates this process (33, 36, 37) . Although the mechanism is not clearly elucidated, endostatin is a significant factor which can inhibit endothelial cell proliferation and suppress the growth and metastasis of tumors (18, 38) . Wickstrom et al (39) found that endostatin binds to α5β1 integrin and caveolin-1, which blocks the adhesion of endothelium and inhibits the activity of metalloproteases, further suppressing angiogenesis. Furthermore, endostatin can reduce the expression of Bcl-2 and Bel-XI, suppress the growth of endothelium and promote apoptosis, consequently inhibiting the growth and metastasis of tumors (15) . Thus, endostatin is an effective target for tumor therapy. In the present study, we also demonstrated that endostatin can effectively inhibit the growth and metastasis of LL/2 tumors, and prolong the survival of tumorbearing mice.
Although research has shown that the recombinant protein of endostatin can effectively inhibit tumor growth and metastasis, its widespread application has been hampered by difficulties in the large scale production of the protein and the high concentration of endostatin needed to maintain an anti- tumor effect (36, 40, 41) . Gene therapy with adenovirus vectors, which are gaining interest, have been reported to have beneficial effects in tumor treatment (24, (42) (43) (44) . In the present study, an adenovirus expressing the secreted form of endostatin was identified as an effective strategy for endostatin gene therapy.
After infection with Ad-GFP, LL/2 cells secreted GFP in a concentration-dependent manner. In addition, the expression of endostatin in vitro was examined by western blotting. Endostatin protein could be probed in the supernatant of LL/2 cells infected with Ad-Endo, which indicated that the adenovirus effectively transferred the endostatin gene to the LL/2 cells and that the endostatin gene was successfully expressed. Moreover, LL/2 cells infected with Ad-Endo stably and persistently expressed secretory endostatin which was confirmed by ELISA assay in our study. However, as several angiogenesis factors are produced by endothelial cells and endostatin inhibits one of these factors, the inhibitory effect of endostatin is limited (3). Therefore, some researchers have combined conventional treatment strategies with endostatin to improve the effficacy of endostatin (17, 36, 45, 46) . In the present study, we combined low-dose irradiation with Ad-Endo to treat the LL/2 cell subcutaneous model and pulmonary metastasis tumor model. Our study showed that either Ad-Endo or low-dose irradiation alone partially suppressed tumor growth and metastasis and prolonged the life-span of tumor-bearing mice along with no serious toxicity. Notably, the combination therapy showed a more effective antitumor activity when compared to the other groups. Although the mechanism of the enhanced antitumor efficacy remains to be elucidated, it may be related to a decrease in microvascular density and an increase in apoptosis in tumors. Our present findings revealed that there were less veins and more apoptotic cells in the tumors treated with Ad-Endo combined with irradiation when compared with the other groups. Although radiotherapy is an effective strategy to treat tumors through direct killing of cells, the activity is limited when hypoxia occurs in tumors (47) (48) (49) . It is known that the rapid growth of tumors can cause regions of hypoxia in tumors, which contributes to the production of angiogenesis factors and blood vessel formation (48) . Inhibition of angiogenesis with anti-angiogenic therapy may induce an increase in hypoxia in tumors, leading to radiotherapy resistance (49) . However, other studies have shown that angiogenesis inhibitors can improve tumor oxygenation and increase the response to radiotherapy by delaying tumor growth (17, 36, (50) (51) (52) . In the present study, when the tumors were treated with Ad-Endo, the blood vessel formation was inhibited and the vascular density was decreased. Consequently, hypoxia was improved, which boosted the activity of radiotherapy. Subsequently, more tumor cells were killed by irradiation, and tumor growth and metastasis were inhibited. These findings imply that radiotherapy and antiangiogenic therapy synergistically play a role in tumor treatment. Moreover, when patients are treated with effective doses of radiation, side-effects are commonly noted. In the present study, low-dose irradiation was adopted combined with Ad-Endo, which not only ensured an antitumor effect, but also inhibited the incidence of adverse side-effects.
In summary, our findings demonstrated that Ad-Endo combined with low-dose irradiation effectively inhibited the growth and metastasis of LL/2 cell tumors in a synergistic manner. The enhanced inhibitory effects were related to the decrease in microvascular density, inhibition of blood vessel formation, improvement in hypoxia and an increase in apoptosis of LL/2 cells. Further investigation of this strategy for the treatment of lung cancer and other tumors is warranted.
